Introduction
The medicinal leech Hirudo medicinalis L. is a wellrecognized animal model of locomotory control and the decision-making processes that govern the selection of one mode of locomotion over another (i.e. swimming vs crawling) (Briggman et al., 2005; Esch et al., 2002; Garcia-Perez, 2005; Kristan, Jr et al., 2005) . In the leech, central neural networks and sensory-to-motor pathways underlying swimming have been mapped to an unparalleled level of cellular detail (Ort et al., 1974; Willard, 1981; Friesen, 1989; Hashemzadeh-Gargari and Friesen, 1989; Eisenhart et al., 2000; Brodfuehrer and Thorogood, 2001 ) (for a review, see Kristan, Jr et al., 2005) . The neuronal control of swimming is regulated by hierarchically organized circuitry that parallels the top-down neural architecture of vertebrate locomotory systems (Friesen, 1989) . As with other rhythmic behaviors, swimming oscillations are generated by segmentally reiterated central pattern generators (CPGs), which can produce motor patterning independent of patterned sensory input (Marder and Calabrese, 1996; Kristan, Jr et al., 2005 ). Yet, in spite of the relative simplicity of the leech nervous system, it is difficult to predict if any given sensory stimulus will initiate swimming or crawling from one trial to the next (Grobstein, 1994; Cellucci et al., 2000; Brodfuehrer and Thorogood, 2001; Briggman et al., 2005) .
The decision to swim appears to be distributed across competing populations of swim-activating and swiminactivating brain interneurons, each of which exerts only a small influence on the initiation and maintenance of swimming (Cellucci et al., 2000) . A number of these identified cephalic projection neurons have been shown to integrate and transfer swim-related information to down-stream gating neurons that generate an excitatory drive to the segmental CPGs (Weeks and Kristan, Jr, 1978; Weeks, 1982; Brodfuehrer and Friesen, 1986a; Brodfuehrer and Friesen, 1986b; Brodfuehrer and Friesen, 1986c; Brodfuehrer and Friesen, 1986d; Brodfuehrer and Friesen, 1986e) .
The biological mechanisms of behavioral selection, as it relates to locomotion, are far from understood, even in relatively simple invertebrate animals. In the medicinal leech, Hirudo medicinalis, the decision to swim is distributed across populations of swim-activating and swim-inactivating neurons descending from the subesophageal ganglion of the compound cephalic ganglion, i.e. the brain. In the present study, we demonstrate that the serotonergic LL and Retzius cells in the brain are excited by swim-initiating stimuli and during spontaneous swim episodes. This activity likely influences or resets the neuromodulatory state of neural circuits involved in the activation or subsequent termination of locomotion. When serotonin (5-HT) was perfused over the brain, multi-unit recordings from descending brain neurons revealed rapid and substantial alterations. Subsequent intracellular recordings from identified command-like brain interneurons demonstrated that 5-HT, especially in combination with octopamine, inhibited swim-triggering neuron Tr1, as well as swim-inactivating neurons Tr2 and SIN1. Although 5-HT inhibited elements of the swim-inactivation pathway, rather than promoting them, the indirect and net effect of the amine was a reliable and sustained reduction in the firing of the segmental swim-gating neuron 204. This modulation caused cell 204 to relinquish its excitatory drive to the swim central pattern generator. The activation pattern of serotonergic brain neurons that we observed during swimming and the 5-HT-immunoreactive staining pattern obtained, suggest that within the head brain 5-HT secretion is massive. Over time, 5-HT secretion may provide a homeostatic feedback mechanism to limit swimming activity at the level of the head brain. Amine 
modulation of decision-making networks
At any given time, this distributed brain network is under the influence of circulating and local biogenic amines, which modulate behavior in all animals (Libersat and Pflüger, 2004) . Only recently, however, have studies begun to examine the neuromodulation of command-like systems in the brain of the leech and how chemical modulation influences the initiation and termination of swimming (Crisp and Mesce, 2003; Crisp and Mesce, 2004) . Such limited information contrasts with what has been accumulated at the level of the segmental swim circuits (Willard, 1981; Hashemzadeh-Gargari and Friesen, 1989; O'Gara et al., 1991; Angstadt and Friesen, 1993a; Angstadt and Friesen, 1993b; Mangan et al., 1994a; Mangan et al., 1994b; Mesce et al., 2001) .
Swimming activity is clearly modulated by serotonin (5-HT) (Willard, 1981; Hashemzadeh-Gargari and Friesen, 1989; O'Gara et al., 1991) . and blood levels of 5-HT can quickly rise to a 100·nmol·l -1 concentration during bouts of swimming (Willard, 1981) . Large amounts of 5-HT are secreted directly from the voluminous somata of the segmental Retzius neurons, so relatively high concentrations of 5-HT can be established locally within the CNS (for a review, see De-Miguel and Trueta, 2005) . In addition, swim-related mechanosensory inputs can activate octopamine (OA)-containing interneurons in parallel with serotonergic cells (Gilchrist and Mesce, 1997) . When considering the aminergic modulation of swimming across the entire CNS, however, the modulatory systems appear somewhat complex. Although 5-HT promotes swimming at the level of the segmental swim networks (i.e. swim gating and CPG cells), it suppresses swimming when focally applied to the brain (Crisp and Mesce, 2003) . Furthermore, 5-HT or OA can promote swimming when administered to the entire nervous system, but a mixture of the two suppresses it. Subsequent removal of this mixture, however, induces robust and repeated bouts of swimming that can last for hours (Mesce et al., 2001) . The brain-specific inhibitory effects of 5-HT help to explain some of the non-additive effects of the 5-HT and OA mixture, and underscore the fact that the brain is, indeed, an important site of aminergic modulation that contributes to decision-making processes (Crisp and Mesce, 2003) .
Here, we present the results of a study that examined how 5-HT, and a mixture of 5-HT and OA, can influence a population of identified command-like interneurons that form a decision-making pathway from the brain to swim-gating neurons and segmental oscillators responsible for swimming. Specifically, we aimed to determine if 5-HT inhibited the descending swim-activation pathway and excited the swiminhibitory one. In addition, we describe the firing patterns of 5-HT-containing neurons in the brain when swimming is activated or initiated spontaneously, a pattern consistent with the somatic and paracrine-like secretion of 5-HT.
Materials and methods
Animal preparations Adult Hirudo medicinalis L. were purchased from Leeches USA (Westbury, NY, USA) and maintained at room temperature in spring water containing Hirudo-salt (0.5·g·l -1 ; Leeches USA). Embryonic Hirudo were a generous gift from John Jellies, and reared in a breeding colony at the University of Western Michigan, MI, USA. Rearing, maintenance and dissection of these animals have been described elsewhere (Jellies et al., 1987; Jellies et al., 1993) . Adult animals were anaesthetized on ice for 15·min before dissection in normal saline, containing (in mmol·l -1 ): 115.0 NaCl, 4.0 KCl, 1.8 CaCl 2 , 1.5 MgCl 2 , 10.0 dextrose, 10.0 Tris-maleate, pH 7.4 (Nicholls and Baylor, 1968) . Embryonic leeches were anaesthetized in leech saline containing 10% ethanol for 15·min and dissected minimally; cuticle was splayed from the dorsal midline and the enteric tract was removed. The leech nervous system consists of 21 unfused segmental ganglia and two compound 'brains,' each composed of several fused neuromeres. The supraesophageal ganglion (SPEG) and subesophageal ganglion (SEG) comprise the cephalic nervous system. Although the tail (posterior) brain was included in all preparations described in this report, experiments focused on pharmacological manipulations of the head brain. As such, the words 'head brain' and 'brain' are used interchangeably.
Extracellular recordings and focal amine perfusion to the head brain Neuronal activity descending from the brain was recorded from the cut end of the posterior connective of preparations consisting of just the head brain and ganglion M1. Electrical activity was recorded from both lateral connectives and Faivre's nerve using a suction electrode, and neural activity was amplified on a P-15 AC pre-amplifier (Grass Instruments, Quincy, MA, USA). Every 10·s, a 1-s recording was filtered with a LPF202 low-pass bessel filter (Warner Instruments LLC, Hamden CT, USA), and digitalized (at a sampling rate of 20.8·kHz) using the Digidata 1322A interface and associated Axoscope data acquisition hardware (Axon Instruments, Union City, CA, USA). In several experiments, recordings were obtained from a cut hemiconnective between M1 and M2 while descending brain interneurons were recorded from with intracellular electrodes.
Fictive swimming was recorded extracellularly from the segmentally-repeated dorsal posterior (DP) nerve, and fictive swimming was defined as three or more consecutive bursts of action potentials in the dorsal longitudinal muscle exciter, motor neuron DE-3, with a cycle period of 0.4-2.0·s (Ort et al., 1974) . A petroleum jelly well was built around the cut end of a DP nerve to isolate it electrically from the grounded perfusion bath. One Teflon-covered silver wire was placed inside the well and another outside in the bath. The two signals were amplified differentially by a P-15 amplifier (Grass Instruments), digitalized at a sampling rate of 2·kHz using the MacLab 4/s data acquisition hardware and associated Chart v 3.6.3/s software (ADInstruments, NSW, Australia) on a Macintosh Performa 5200. A similar set-up was used to evoke swimming with electrical excitation of the DP nerve. In these experiments, a petroleum jelly well was built around a more posterior DP nerve [e.g. DP(19)]. A 1-s electrical stimulus consisting of a train of 100·ms, 3-5·V pulses was delivered using a Grass S88 stimulator and a Grass SIU5 stimulus isolation unit (Grass Instruments).
Petroleum jelly wells also isolated head brains from the main bath to allow focal perfusion of normal and amine-containing saline over the brain when recordings were made from cell 204. The connective between segmental ganglion 1 (M1) and M2 passed through the petroleum jelly barrier; no attempt was made to isolate the head brain from M1 due to the short length of the connective in that region of the nervous system. Although M1 was usually covered in petroleum jelly, the potential exposure of M1 to amines could not be ruled out. Saline was perfused into and out of the well containing the head brain at a rate of 1·ml·min -1 as described elsewhere (Crisp and Mesce, 2003) . Cell 204 is found only in M10-M16 (Weeks, 1982) and its axon projects anteriorly and posteriorly (Weeks and Kristan, Jr, 1978; Nusbaum, 1987) . No evidence, however, supports its projection to the head brain, making it unlikely that cell 204 was directly affected during the amine perfusion. All recordings from cell 204 were made in M11.
In a typical experiment, normal saline was first perfused for a 30-min 'baseline' period, followed by a 30-min perfusion of saline containing 50·mol·l -1 5-HT; 50·mol·l -1 OA or a mixture of 50·mol·l -1 5-HT and 50·mol·l -1 OA (SigmaAldrich Corporation, St Louis, MO, USA). Preparations were subsequently perfused with saline for a 30-min 'washout' period. Amines were used at a concentration of 50·mol·l -1 , as this is the standard concentration most often used for physiological studies of the leech . In all analyses of swimming activity, the standard error of the means (s.e.m.) is reported.
Intracellular recordings, cell identification and microscopy
Intracellular recordings were obtained using glass micropipettes with a resistance of 40-60·M⍀; glass electrodes were filled to their tips with 5% Neurobiotin tracer (Vector Laboratories, Burlingame, CA, USA) and back-filled with 2·mol·l -1 potassium acetate. Intracellular signals were amplified and recorded digitally using the MacLab/4s, as described above. At the end of each experiment, cells were filled with Neurobiotin by iontophoresis and identified unambiguously using a variety of physiological and morphological characteristics unique to each cell (Crisp and Mesce, 2003; Crisp and Mesce, 2004) . Methods for processing ganglia containing Neurobiotin-filled neurons have been described elsewhere (Crisp and Mesce, 2003; Crisp and Mesce, 2004) .
Methods used for the 5-HT immunostaining of leech embryos have been described previously in detail (Gilchrist et al., 1995) . Briefly, a goat anti-5-HT antiserum (gift from Dr Robert Elde, University of Minnesota) was used at a dilution of 1:200. The specificity of this antiserum has been previously characterized (Maley and Elde, 1982; Wessendorf and Elde, 1985; Wessendorf and Elde, 1987) . The primary antibody was recognized by a donkey anti-goat secondary antibody conjugated to Cy5 (Jackson ImmunoResearch, West Grove, PA., USA).
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Following staining, all tissues were washed in hypo-osmotic Millonig's buffer (Gilchrist et al., 1995) , dehydrated through a graded ethanol series, and specimens were mounted between coverslips in Depex mounting medium (Electron Microscopy Sciences, Fort Washington, PA, USA). An MRC 1024 Laser Scanning Confocal Microscope (Bio-Rad, Hercules, CA, USA) mounted on an AX70 microscope equipped for epifluorescence (Olympus, Lake Success, NY, USA) was used to view and image mounted samples as described (Mesce et al., 1993) .
Results

Activity of 5-HT-immunoreactive cells during swimming
Because 5-HT can act locally at the level of the brain to inhibit swimming (Crisp and Mesce, 2003) , we wanted to determine the conditions under which 5-HT is released by individual neurons identified as serotonergic. The distribution of serotonergic somata has been described previously in the head brain using a variety of histological stains (e.g. Neutral Red or the Falck-Hillarp method) (Marsden and Kerkut, 1969; Rude, 1969; Lent, 1982) . We were unable, however, to locate any published reports containing the immunocytochemical identification of the 5-HT neurons in the brain and the projection pattern of serotonergic fibers within and surrounding the brain. Because 5-HT stands to play a significant modulatory role affecting the decision to swim, we wanted to determine the extent to which an array of serotonergic fibers would be found associated with the compound cephalic ganglia comprising the 'head brain'. The brain of the leech consists of the supraesophageal ganglion and the subesophageal ganglion (SEG and SPEG, respectively). A laser scanning confocal micrograph of the leech brain is shown in Fig.·1 . Using the same 5-HT antibody we reported on previously in segmental ganglia (Gilchrist et al., 1995) , we immunolabeled a population of somata and their associated processes (Fig.·1) . A dense network of 5-HTimmunoreactive (5-HT-ir) fibers was associated with the SEG and SPEG (N=6). The neuropil of the SEG was densely filled with serotonergic arbors, emphasizing the potential importance of serotonergic neuromodulation in the head brain. Although there were no serotonergic somata located in the SPEG (Fig.·1B ), this most anterior portion of the leech brain was richly innervated by 5-HT-ir fibers projecting from cells in the SEG and possibly more posterior ganglia ( Fig.·1B ). At least one serotonergic neuronal pair in neuromere 1 (labeled '1' in Fig.·1A ), the large lateral (LL) cell pair, was observed to project contralaterally and anteriorly toward the SPEG. Because we examined brains in filleted leeches (see Materials and methods), we were also able to determine that none of the processes within the brain region originated from somata within the periphery; in fact, no 5-HT-ir somata were observed outside the CNS. In addition, a number of 5-HT-ir fibers in the SPEG resided in a region previously identified as a neurohemal release site (Fig.·1B) (Webb, 1980) ; these 5-HT fibers contained varicosities and represent possible sites of neurohemal secretion.
The LL and Retzius cells of the SEG, being the largest serotonergic neurons in the brain (Fig.·1A) , were targeted as the best candidates for playing a potential neurosecretory role during swimming. Thus, we recorded the activity of these neurons with intracellular electrodes during bouts of swimming.
The activity of the LL and Retzius cells was altered during electrically evoked and spontaneous swimming (Fig.·2 ). The LL cell was indirectly excited by the electrical shock of a posterior DP(19) nerve (3-5·V, 100·ms pulses for 1·s) (Fig.·2A  left; N=5) . A DP nerve shock is a standard way to induce swimming (Hashemzadeh-Gargari and Friesen, 1989) . During spontaneous swimming (i.e. in the absence of electrical stimulation), the LL cell displayed rhythmic excitatory depolarizations that were phase locked to individual bursts in the DE3 swim motor neuron (Fig.·2A right; N=5) . These excitatory potentials suggest that the LL cell receives rhythmic feedback from the swim CPG.
The Retzius cells in all four neuromeres of the SEG (Fig.·2B) were excited by electrical shock of a DP nerve, and excitation persisted for the duration of the swim episode (Fig.·2B left; N=5) . The swim trigger neurons are likely candidates for the pathway leading to this excitation, as cell Tr1 makes direct chemical synapses onto the Retzius cells of Fig.·1 . Distribution of 5-HT-immunoreactive (5-HT-ir) neurons and associated processes in the subesophageal (SEG) and supraesophageal (SPEG) ganglia comprising the leech head brain. The brain of an embryonic leech at stage embryonic day 20 (E20) is shown, which was immunostained and imaged in situ (N=6). (A) The neuropil of the SPEG is filled with a dense array of 5-HT-ir fibers, probably originating from within the CNS because no peripheral 5-HT-ir cell bodies were observed. The four neuromeres of the SEG (marked 1-4) contain sets of large 5-HT-ir somata, some of which project toward the SPEG, e.g. the large lateral (LL) cells in neuromere 1. Several 5-HT-ir fibers exit the brain, such as those projecting throughout the stomatogastric nerve ring (large arrow points to one half of nerve ring). The rectangular broken box outlines the image shown at higher magnification in B. (B) Punctate 5-HT-ir fibers were visible in a putative neurohemal region of the SPEG. The terminations of varicose 5-HT-ir fibers appear to be concentrated in the upper region of the image shown, which lies in the approximate location of a neurohemal release site (Webb, 1980) . Optical sections/image, 39 (A); 9 (B). Section intervals, 2·m (A); 1.5·m (B). Scale bars, 100·m. . Serotonergic neurons of the head brain were activated by swim-initiating stimuli and remained active throughout swimming. An electrical stimulus (100·ms, 3-5·V pulses delivered for 1·s) delivered to a posterior DP nerve has previously been shown to initiate swimming (Hashemzadeh-Gargari and Friesen, 1989) . (A) Electrical shock (black bar) delivered to a DP(16) nerve excited the serotonergic LL cells of the first neuromere of the SEG (left). In addition, LL received rhythmic synaptic input correlating with individual swimmotor bursts during the expression of a spontaneous swim episode (right). (B) SEG Retzius cell (Rz) is excited by a swim-initiating electrical shock to a DP(16) nerve (left), and was persistently depolarized throughout the duration of the swim episode. During a spontaneous bout of swimming, the RZ fired above 1·Hz at the onset of swimming and remained active at a relatively high firing frequency (5·Hz or greater) (right). These data are consistent with 5-HT being secreted in the brain during both swim-initiation and swim episode maintenance via the somatic release of 5-HT (De-Miguel and Trueta, 2005) . the head brain (Brodfuehrer and Friesen, 1986b) . Furthermore, during the occurrence of spontaneous swim episodes, the Retzius cells were correlated with a slow depolarization and corresponding increase in spiking frequency that persisted for the duration of the swim episode (Fig.·2B right; N=5) . Together, these data imply that 5-HT is released within the brain during bouts of swimming, probably acting as a local neurohormone. This effect could contribute to the termination or long-term inhibition of swimming activity especially if levels were to become differentially elevated across the CNS.
Net effect of 5-HT on the brain
The question remains, however, whether 5-HT, acting solely at the level of the brain, is capable of biasing decisions made by the swim-gating neurons. Specifically, can a local elevation of 5-HT in the brain indirectly affect the firing rate of swimgating neurons? Cell 204 is segmentally repeated and integrates monosynaptic excitatory input from Tr1 (Brodfuehrer and Friesen, 1986a; Brodfuehrer and Friesen, 1986b ) and polysynaptic inputs from Tr2 (Brodfuehrer and Friesen, 1986b) . It also integrates inputs from SIN1 and other descending brain interneurons. How cell 204 determines its state of excitation or inhibition based upon a population of descending swimactivating and swim-inactivating neurons remains unknown, but it is clear that cell 204 plays an integral role in the swiminitiation pathway (Weeks, 1982; Friesen, 1989) . Thus, the level of excitation in cell 204 reflects changes in the net contributions of both swim-activating and swim-inactivating descending interneurons. By recording from cell 204, a site of convergence, one can gain some insight into how decisions to swim are regulated when the brain is influenced by 5-HT, an amine mixture (e.g. a 5-HT/OA mixture), or other biogenic amines. Because of the location and structure of the segmental 204s, inputs can be modulated independently of any direct K. M. Crisp and K. A. Mesce actions on cell 204 so as not to confound the aminergic effects observed (see Materials and methods).
Because 5-HT, but not OA, applied to the brain inhibits swimming (Crisp and Mesce, 2003) , we predicted that application of 5-HT, but not OA, would indirectly inhibit 204. To test this hypothesis, intracellular recordings from cell 204 were obtained while the amines were each applied individually to the head brain (Fig.·3 ). During saline perfusion over the brain (Fig.·3, top) , cell 204 fired action potentials at a relatively constant rate. After a 30-min perfusion of 50·mol·l -1 5-HT over the brain (Fig.·3, middle) , cell 204 became hyperpolarized by an average of 5±4·mV in 10±3·min (mean ± s.e.m.) and fired no action potentials (N=5). In contrast, after a 30-min perfusion of 50·mol·l -1 OA over the brain only (Fig.·3,  bottom) , no change in the activity of cell 204 was observed (N=5).
Effects of 5-HT on descending brain interneurons
Because it is not known how swim circuitry forms the decision to swim based on parallel swim-activating and swiminactivating pathways, we aimed to determine if 5-HT inhibits the swim-activation system while exciting the swim-inhibitory one. Swim-trigger neuron Tr1 is the most reliable swimactivator yet to be identified in the leech brain (Brodfuehrer and Friesen, 1986b) . Thus, we examined the effects of 5-HT on swim-trigger neuron Tr1 and another swim-related interneuron, Tr2. All the Tr1 and Tr2 cells recorded were observed to hyperpolarize when 50·mol·l -1 5-HT was focally perfused on the brain. Tr1 hyperpolarized by 5±2·mV within minutes of bath application of 5-HT (N=5; Fig.·4 ). Tr2 also hyperpolarized by a mean of 8±3·mV, within 5-10·min of 5-HT application (N=5; data not shown). Because no evidence was found that swim-inhibitor neuron SIN1 was activated by the 5-HT/OA mixture (see below), the effects of 5-HT on SIN1 were not formally examined. interneurons The focal delivery of a mixture of 5-HT and OA produces an even more dramatic inhibition of swimming than 5-HT alone (Crisp and Mesce, 2003) . Thus we predicted that the mixture application would inhibit cell Tr1. Tr1 indeed hyperpolarized during application of the amine mixture (Fig.·5A) . Intracellular recordings from cell Tr1 were obtained simultaneously with extracellular recordings from DP(16). During baseline perfusion of saline (Fig.·5A left) , Tr1 spontaneously (no electrical stimulation) fired a train of action potentials prior to the expression of a swim episode, which also occurred spontaneously (no electrical stimulation). This represents an event rarely observed under baseline conditions and in the absence of amines (Hashemzadeh-Gargari and Friesen, 1989; O'Gara et al., 1991; Mesce et al., 2001; Crisp and Mesce, 2003) . The swim episode, or bout, is defined as a collection of swim motor neuron DE-3 bursts recorded extracellularly from the DP nerve. During the initial and spontaneous depolarization of Tr1, the tonic firing activity of DE-3 was suppressed. After a latency of several seconds, swimming was initiated. Although it was previously demonstrated (Brodfuehrer and Friesen, 1986a; Brodfuehrer and Friesen, 1986b ) that swimming activity could be evoked by intracellular stimulation of Tr1, the behavior of Tr1 prior to the expression of a spontaneous swim episode has not been reported until now.
After a 30-min perfusion of the 5-HT/OA mixture (Fig.·5A  middle) , cell Tr1 became hyperpolarized by a mean of 5±2·mV and all spike activity ceased (N=9). A close examination of its membrane potential also revealed a notable decrease in synaptic activity following mixture perfusion compared with that observed during baseline. In addition, it became more difficult to drive Tr1 sufficiently to provoke a spike train during perfusion of the mixture as compared to baseline (data not shown). Recovery of the membrane potential of Tr1 was gradual (and often incomplete) during washout (Fig.·5A right) . It is unclear to what degree the spontaneous spike in Tr1 triggered the swim episode shown in washout. Possibly, in washout conditions, Tr1 had an enhanced effect on triggering swimming, such that less Tr1 activity was required to induce swimming. Furthermore, as only one of the two Tr1 cells was recorded, the activity of the contralateral Tr1 may have contributed more strongly to the swim bout shown. Washout of the 5-HT/OA mixture from Tr1 also revealed a return of synaptic activity (Fig.·5A right) . Descending brain neuron SIN1 is a potent swim-inhibiting neuron, and aside from cell Tr2, represents the only identified (Brodfuehrer and Friesen, 1986b) and SIN1 . (A) During perfusion of a saline baseline (left), swim-trigger neuron Tr1 fired a train of action potentials just before a swim episode (see swim motor neuron bursts in the DP nerve extracellular recording). After a 30-min application of the 5-HT/OA mixture (middle), Tr1 became hyperpolarized (5·mV) and fired no action potentials. Furthermore, Tr1 appeared to receive less synaptic activity (i.e. fewer small and rapid fluctuations in membrane potential) following mixture application. During washout of the mixture (with saline, right), Tr1 partially repolarized and synaptic inputs to Tr1 resumed. Tr1 spiked once preceding the onset of a swim bout. (B) During perfusion of a saline baseline (left), swim-inhibitory neuron SIN1 fired action potentials at a constant rate. After a 30-min application of the mixture (middle), the membrane potential of SIN1 became inhibited (18·mV), and large, rhythmic inhibitory inputs were observed. During washout of the mixture (right), SIN1 partially repolarized and rhythmic membrane potential fluctuations were phase-locked with swim-motor bursts in the DP nerve. source of descending swim inhibition from the brain O'Gara and Friesen, 1995; Taylor et al., 2003) . As such, we predicted that the 5-HT/OA mixture, which inhibits swimming (Crisp and Mesce, 2003; Mesce et al., 2001) , would correlate with an elevated level of SIN1 excitation. By contrast, application of the mixture was found in all preparations to hyperpolarize SIN1 (Fig.·5B ). During baseline (Fig.·5B left) , SIN1 showed tonic spike activity. After a 30-min perfusion of the mixture (Fig.·5B  middle) , SIN1 was hyperpolarized by a mean of 18±4·mV (N=5). In addition to this hyperpolarization, rhythmic inhibitory post-synaptic potentials were observed in three of the SIN1 cells. Although one might expect SIN1 to remain inhibited throughout amine washout to facilitate swimming, the membrane potential partially recovered during washout (Fig.·5B, right) . No dramatic changes in the firing frequency of SIN1 were apparent in the mixture or washout. Thus, we concluded that SIN1 makes little contribution to either the inhibiting effects of the 5-HT/OA mixture or the promoting effects of washout on swimming activity. These data suggest that the inhibition of descending brain neurons by the mixture is widespread, affecting neurons that activate and inhibit swimming.
In addition to affecting the firing frequency of command-like brain interneurons, the amine mixture also changed the way unidentified units (recorded from a cut hemiconnective between M1 and M2) responded to the intracellular stimulation of command-like neurons (Fig.·6A,B ). Depolarization of cell Tr1 can lead to a prolonged period of elevated impulse activity in the connective that outlasts, by several seconds, the spike train in cell Tr1 (Cellucci et al., 2000) . This increase may correspond to a recruitment of other descending fibers that also play a role in mediating the decision to swim or not to swim. Similarly, we found that depolarization of cell Tr2 caused a prolonged increase in connective activity (Fig.·6A) . After a 30-min treatment with the amine mixture (50·mol·l -1 ), the basal level of activity in the connective was elevated (discussed above), which was also observed in connective recordings during perfusions of the brain with 50·mol·l -1 5-HT (Fig.·6C) . The delayed and long-lasting increase in connective activity observed following stimulation of Tr2 during baseline was absent after the mixture was applied (Fig.·6B) . From the seven Tr2 cells in which intracellular depolarization induced this characteristic response, five Tr2 cells subsequently failed to show this response in the presence of the amine mixture. This suggests that the mixture not only affects the impulse activity of descending command-like interneurons (as demonstrated above), but also modulates the way neural elements within the brain respond to inputs from cell Tr2 (and perhaps other brain interneurons).
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Net effect of 5-HT/OA mixture on the brain Because the amine mixture on the brain has such a robust effect on swimming, we determined its net and indirect action on the activity of cell 204 (Fig.·7 ). During baseline (Fig.·7B, top) , cell 204 maintained a tonic level of spike activity. After a 30-min perfusion of the amine mixture over the head brain (Fig.·7B , middle), cell 204 was indirectly hyperpolarized (15±5·mV in 14±10·min) and all spiking activity ceased. During washout of the mixture (Fig.·7B, bottom) , the membrane potential of cell 204 partially recovered. When swim episodes subsequently occurred, oscillations in cell 204 became phase-locked with individual swim motor bursts in the DP nerve. These data indicate that, although mixture application inhibited both swim-activating and swim-inactivating neurons, the net effect of mixture application to the head brain was the inhibition of cell 204 (N=5).
Discussion
Activity of cephalic 5-HT neurons during swimming
Locomotion-related changes have been correlated to the activity of serotonergic neurons in several species (Willard, 1981; Jacobs and Fornal, 1993) . Serotonergic neurons in the -1 for 30-min) changed the activity profile of fibers in the descending connectives (Conn) and altered the way in which this activity was recruited by brain command-like cells. (A) As is the case for cell Tr1 (Cellucci et al., 2000) , intracellular depolarization of cell Tr2 triggered an increase in activity descending through a single hemiconnective (ca. 2800 fibers between M1 and M2) (Wilkinson and Coggeshall, 1975) . This elevated activity long outlasted (by several seconds) the train of action potentials in cell Tr2, and appeared to represent the recruitment of other descending fibers in the brain that may also be involved in mediating the decision to swim or not to swim. (B) During treatment with the amine mixture, the basal activity in the hemiconnective increased. In addition, the delayed response of units in the connective to a spike train in cell Tr2 was no longer present. (C) A representative 1-s recording of descending activity from the brain in normal saline (left) and 1-s sampling of activity after 3·min of a 50·mol·l -1 5-HT exposure. In all preparations examined (N=5), there was a recruitment of larger amplitude fibers during 5-HT application.
nucleus raphe pallidus display rhythmic bursts during locomotion in the cat (Jacobs and Fornal, 1993) , and serotonergic neurons in the dorsal and median raphe nucleus become tonically active during rhythmic (i.e. CPG-mediated) movements, such as chewing and grooming (Ribeiro-doValle, 1997) . The activity of serotonergic neurons in the raphe nucleus may function to coordinate motor output and corresponding autonomic demands (Jacobs and Fornal, 1999) .
In the present study, we have demonstrated that the serotonergic LL and Retzius neurons of the brain (SEG) were activated during swim initiation and during the progression of swim episodes. Rhythmic fluctuations in membrane potentials were observed in cell LL (Fig.·2A  right) , indicating that this cell probably receives feedback from the swim CPG. During swimming, the Retzius neurons fired trains of impulses at relatively high frequencies. This profile of higher firing frequency (e.g. 5-10·Hz vs 1·Hz) has been shown to promote the secretion of large amounts of 5-HT from the somata of the Retzius cells (De-Miguel and Trueta, 2005) . In addition, the cellular mechanisms underlying this somatic secretion, such as L-type calcium channels and calcium-induced calcium release, are common to excitable endocrine cells (De-Miguel and Trueta, 2005) . At higher firing rates, it has been proposed that the Retzius cells influence entire circuits, as opposed to single synaptic targets (De-Miguel and Trueta, 2005) . Thus, 5-HT at a concentration of 50·mol·l -1 that we bath-applied to the brain is most likely physiological, mimicking the paracrinelike mode of 5-HT secretion that occurs naturally during swim activation (Bruns et al., 2000; De-Miguel and Trueta, 2005; Dierkes and Schlue, 2005) . Clearly, a differential upregulation of 5-HT secretion from the Retzius neurons in the head brain could account for the swim-inhibitory effects that we observed during focal application of 5-HT to the brain. Because brain neurons Tr1 and Tr2 can also induce a gradual and sustained excitation of the serotonergic Retzius cells (Brodfuehrer and Friesen, 1986b) , descending command-like neurons also have the potential to contribute to the release of 5-HT and other amines in the brain that, in turn, may modulate the state of decision-making systems for on-going and subsequent behaviors (Crisp and Mesce, 2004; Garcia-Perez et al., 2005) .
Several other lines of supportive evidence point to a connection between the brain, 5-HT, swim episode length and overall swimming activity. First, preparations with the head brain attached generate shorter duration swim episodes than brainless nerve cords, and at least one cell in the brain, cell SRN1, can reset the swim rhythm (Brodfuehrer and Friesen, 1986b; Brodfuehrer and Friesen, 1986e) . Secondly, depletion of 5-HT with reserpine increases the duration of swim episodes in intact animals, but reserpine blocks swimming in isolated nerve cords that lack the head brain (Hashemzadeh-Gargari and Friesen, 1989; O'Gara et al., 1991) . Finally, application of 5-HT to the brain is inhibitory and is associated with shorter duration swim episodes (during washout) as compared to trials in which the brain is treated with OA or the removal of an OA/5-HT mixture (Crisp and Mesce, 2003) . Collectively, these observations suggest that the modulatory state of the brain may contribute not only to the frequency or probability of swim initiation, but also to the quality (duration and rhythmicity) of the episodes expressed. One additional issue to address is how quickly the system might change. Firing of the LL and Retzius cells could be achieved with a single swim-activating stimulus, which supports the idea that the modulatory state of brain pathways may change from one swim-initiating stimulus to the next. While we have demonstrated more long-term effects of 5-HT over a period of 30·min (Crisp and Mesce, 2003) , 5-HT can cause more fast-acting changes in leech neurons on the order of seconds to minutes (Leake and Koubakanis, 1995; Burrell et al., 2001) . Such a mechanism could explain previous observations of trial-to-trial variability in decision-making and swim initiation (Briggman et al., 2005) . 
Modulation of brain pathways, gating neurons and the
decision to swim Extracellular recordings revealed an increase in descending unit activity during focal application of 5-HT or the 5-HT/OA mixture to the brain (data not shown) (Fig.·6) . Because of this observation, the amine mixture was initially postulated to exert its nonadditive and inhibitory effects on swimming by simultaneously activating a population of descending swiminhibitory neurons and suppressing the swim-trigger cells. Contrary to expectations, 5-HT alone or the amine mixture inhibited Tr2 and SIN1, both of which are swim inactivating cells. Not surprisingly, swim-trigger neuron Tr1 was inhibited by 5-HT (Fig.·4 ) and the amine mixture (Fig.·7) . Identification of the complete population of descending neurons activated by 5-HT remains incomplete, although it may consist of unidentified swim-inactivating neurons, or possibly ones that play roles in the expression of other behaviors. For example, cell R3b1, which activates swimming or crawling in a contextspecific way (Esch et al., 2002) . Nevertheless, the net and indirect effect of 5-HT to the brain caused an overall decrease in the excitation fed to the swim CPG via cell 204. Furthermore, this decreased drive was correlated with changes in the basal activity level of descending fibers (Fig.·6) , and the recruitment of fibers in response to stimulation of identified command-like interneurons (Fig.·6 ). Because we found no evidence that swim-terminating neurons were excited by application of the 5-HT/OA mixture, we conclude that 5-HT inhibits swimming at the level of the brain by decreasing the net tonic excitation of cell 204 via the descending brain neurons. Possibly, the paradoxical increase in descending activity in response to brain modulation (Fig.·6 ) resides in the contribution of downstream segmental anti-swim gating cells (Taylor et al., 2003) , cells that may contribute to the net suppression of cell 204.
Gating neurons, such as cell 204, play a vital role in transferring information from higher-order or command-like circuits into an excitatory drive to neural networks controlling motor behavior (Reichert and Rowell, 1985) . Neural circuits in the lamprey notochord, for example, gate sensory information to directionally appropriate motor neurons that mediate the tail fin withdrawal reflex (McClellan and Grillner, 1983) . Accordingly, swim-gating neuron 204 integrates indirect sensory information and descending excitation (Brodfuehrer and Friesen, 1986a) and inhibition from the brain and drives swim oscillatory neurons (Weeks, 1982; Nusbaum et al., 1987) . Intracellular stimulation of cell Tr1, as well as swim-exciting brain interneuron SE1 , excites cell 204 via a monosynaptic connection (Brodfuehrer and Friesen, 1986b; Brodfuehrer and Thorogood, 2001) . Cell 204 also receives polysynaptic inhibitory input from cells SIN1 and Tr2 (Brodfuehrer and Friesen, 1986b) , possibly by way of the newly described segmental anti-swim-gating interneurons 24 and 256 (Taylor et al., 2003) .
Because the amine mixture decreased the activity of cells SIN1 and Tr2, we can conclude that the depression in cell 204 activity is probably due to an inhibition of the descending swim-activating population rather than an excitation in the swim-inactivating one. Although direct bath application of 5-HT to 204 does not alter the basal firing rate or membrane potential of 204 (Willard, 1981; Hashemzadeh-Gargari and Friesen, 1989) , 5-HT enhances the intrinsic excitability of cell 204, thus lowering its response threshold to swim-promoting stimuli (Angstadt and Friesen, 1993a; Angstadt and Friesen, 1993b) ; this helps to explain why 5-HT on brain-less preparations is highly stimulatory for swimming. In contrast to the effects of challenging cell 204 directly with 5-HT, we have shown here that focal application of 5-HT to the leech head brain indirectly hyperpolarizes the resting membrane potential of cell 204 and decreases its firing frequency. This indirect modulatory effect likely decreases the excitation that 204 feeds to cells of the swim CPG and explains why we have observed that 5-HT to the brain inhibits swimming (see Crisp and Mesce, 2003) .
Modulation and decision-making processes It
is not yet known whether the effects of 5-HT (or the amine mixture) on command-like brain interneurons are due to direct modulation by the amines, or to changes in synaptic activity from even higher-level decision-making neurons or other circuits. For example, Tr2 has been shown to receive rhythmic input from the crawl CPG (Crisp and Mesce, 2004) . During application of the 5-HT/OA mixture, recordings of Tr1 and SIN1 revealed interesting alterations in presynaptic activity (Fig.·5) . The only known inputs to cell Tr1 are sensory neurons (Brodfuehrer and Friesen, 1986b) , including the pressure-sensitive P cells that are inhibited by 5-HT (Sanchez-Armass et al., 1991; Ali et al., 1998) . In Fig.·5A , spontaneous depolarizations of Tr1 were observed prior to swim initiation, perhaps due to excitation from higherorder brain neurons. Because most (if not all) of the descending command-like interneurons (and cell 204) are mulitfunctional [e.g. involved in crawling and shortening (Kristan, Jr et al., 1988; Baader, 1997; Shaw and Kristan, Jr, 1997; Crisp and Mesce, 2004) ], altering the probability of swimming will likely influence the expression of other behaviors as well.
During spontaneous swimming, or when a swim-related stimulus arrives, the decision to swim or not to swim appears to depend on the 'state' of the brain and segmental swimrelated neural networks (Briggman et al., 2005; Garcia-Perez et al., 2005) . What defines this state is complex, although our studies of aminergic modulation have attempted to contribute some insights. Because locomotory behaviors tend to be expressed on the order of tens of seconds, the operation of these networks may define their own and subsequent states (Garcia-Perez et al., 2005) , and may influence the operation of related circuits over short and longer time periods. Altogether, our observations support the conclusion that a full understanding of the dynamics underlying decision-making processes will require a greater understanding of the modulatory processes that occur during the activation of individual behavioral routines. 
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